Abstract: Soil organic C storage in mountain areas is highly heterogeneous, mainly as a result of local-scale variability in the soil environment and microclimate. The aims of the present study were to estimate soil organic carbon density (SOCD) and stocks in leptosol on morainic deposits of high-altitude grasslands of the Lake Plateau of Mt. Durmitor National Park in Montenegro, and determine the soil variables that can be used as factors to determine the SOCD at 28 soil profiles. Our results indicated that SOC storage in the top 40 cm of the alpine grasslands were estimated at 560 414.86 t C, or 152.66 t·ha -1 , with an average density of 15.27 kg·m -2 . The soil organic carbon density increased significantly with soil moisture, clay and silt content, but only moderately with mean annual temperature. In conjunction, these variables could explain approximately 51% of the total variation in SOC density.
INTRODUCTION
Soils contain a huge and dynamic pool of carbon (C) , that is a critical regulator of the global carbon budget. As the repository for more than three-fourths of the earth's terrestrial C, soils store 4.5 times the amount of C contained in vegetation (L a l , 2004) . Increasing carbon storage in soils is one option helping to mitigate increasing atmospheric CO 2 concentrations and global climate change.
In terrestrial ecosystems the amount of carbon in soil is usually greater than the amount in vegetation. It is therefore important to understand the dynamics of soil carbon, as well as its role in terrestrial ecosystem, carbon balance and the global carbon cycle (Po s t and Kw o n , 2000). Soil carbon content and its changes represent some of the basic indicators of terrestrial ecosystem status. Numerous investigations have shown that organic carbon stocks in soils are determined by the land use.
Grasslands are a significant type of natural vegetation, covering approximately 24% of the Earth's vegetated area. They occur over a very broad range of climatic and soil conditions and vary from natural grasslands to intensively managed sown pastures. Grasslands account for about 12% of the total carbon storage in the terrestrial biosphere, and therefore changes in the cycling of carbon in these ecosystems may be considered globally significant (C a m p b e l l and S m i t h , 2000).
Changing arable fields to managed grasslands increase carbon concentrations in soil within a few years (L a l , 2004) . The input of plant material to soil in grasslands is controlled by the aboveground litter layer and the root distribution. At the same time the carbon distribution in the soil profile changes. As 70 to 75% of the root biomass in grasslands is located in the top 15 cm of the soil (G l e i x n e r et al., 2005) , organic carbon concentrations increase in the main rooting zone but decrease beneath this input source. Recent experimental evidence demonstrates that the type and diversity of plant species in grasslands plays an important role for carbon transfer into the soil and is able to modify carbon storage under a given land use scheme (S t e i n b e i s s et al., 2007; T i l m a n et al., 2006) .
Considerably more carbon is stored in the soil of grasslands than in the vegetation alone. And additionally, more carbon is stored in high-and low-latitude grasslands than in mid-latitude grasslands. In high-latitudes, grassland soils high in organic matter make up for this difference; in low latitudes, grassland vegetation is more extensive than in midlatitudes (W h i t e at al. 2000).
The SOC storage in high-altitude ecosystems is of special interest because of the high C density (soil C storage per area) (D a v i d s o n and J a n s s e n s 2006) and potential feedbacks to climate warming (G o u l d e n et al. 1998; Z i m ov et al. 2006) . However, the storage and spatial patterns of SOC in high-latitude ecosystems remain largely uncertain, due to insufficient field observations and extensive spatial heterogeneity (Ya n g et al. 2008) .
The amount of C stored in agricultural soils depends on local climatic and other site-specific conditions, as well as the type and impacts of land-use and land management (L e i f e l d et al. 2005) . Although grasslands offer an extensive area for carbon storage, more information is needed on how variations in their composition (non-woody vegetation, shrubs, trees, and soil types) affect the quantities of carbon that they can store (W h i t e at al. 2000) .
Mt. Durmitor is one of the most important refugia of arctic-tertiary flora. Numerous endemic, relic and endemic-relic species are the best example. The flora of NP Durmitor consists of 700 species of vascular plants. There are 37 taxa endemic to the area, and 6 specific to Durmitor. The vegetation zones in the park range from deciduous valley forests, Mediterranean conifer forests, sub-alpine Fagetum subalpinum and Pinetum mughi forests, subalpine heath and peat bogs, to alpine meadows. The dominant species include Pinus sylvestris, P. resinosa, P. mugo, Abies alba, Fagus sylvatica, Betula alba, Juniperus communis and Pinus heldreichii. The Park contains one of the last virgin forests of very old, tall black pine Pinus nigra ssp.illyrica in Europe, on soils that would usually develop beech woodland. The Park also supports a rich karstic and calcareous grassland flora with many rare and endemic species including Verbascum durmitoreum, Gentiana levicalix, Edraianthus glisicii, E.sutjeskae, Valeriana braun-blanquetii, Daphne malyiana, Carum velenovskyi, Saxifraga prenja, Trifolium durmitoreum, Oxytropis dinarica, Silene graminea, Plantago durmitorea and Viola zoysii (UNEP, WCMC, 2005) .
In the Durmitor region the pressure of anthropogenic activities (urbanization and exploitation of nature) have exerted a greater negative impact on highly complex and important forests and grassland ecosystems, than on water quality and resources, soil resources, biodiversity (collection, use and trade of commercially important species). The SOC content of surface soils is sensitive to human interference. The future policies of the National Park management and the decision making processes which will direct the changes in land-use and land management could become crucial in the protection and may even potentially increase the existing pool of soil C.
The aim of this study was to quantify SOC stocks (SOCS) in the surface layers of alpine grassland soils in the Lake Plateau of Mt. Durmitor and to determine to what extend soil texture and soil moisture variables are sensitive to the variability of SOCS in soil. In addition, we aim to understand the C variability of the topsoil layers.
MATERIALS AND METHODS

Study area
The Durmitor region is a rare and authentic work of nature, situated in the northwestern Montenegro (Fig. 1) . It was proclaimed a National Park in 1952. The Park occupies a large area of the Durmitor massif with the canyons of the rivers Tara, Draga and Susica and the upper part of the river Komarnica canyon, covering 39 000 hectares. From 1980, the Park and the Tara Canyon are under the protection of UNES-CO. The investigaed area of the Lake Plateau is 5105 ha. The alpine grasslands are the most dominant ecosystems on the Plateau, occupying 3 671 ha or 72%, and forests (non grasslands) 1 431 ha or 28% of the total area.
The climate conditions were typically alpine, with low mean annual temperatures. According to the isotherm map, the mean annual temperature (MAT) varies between 4-6°C, with an average temperature of 5°C. Annual precipitation is 1 458 mm and during the growing season the precipitation is 618 mm, or 42.3% (Anđelić, 2001) .
The unique climate and vegetation types, together with possible negative 
Soil and biomass survey
The site is represented by rendzic leptosol on morainic deposits. On this substrate, the soils are weakly to moderately skeletal, and the percentage of skeleton increases with depth. The soil textual class is sandy loam. The dominant fractions are fine sand and silt, the percentage of colloid clay accounts for maximally 15%. The soil pH ranges from weak acid to weak alkaline, though the greatest number of cases, based on the pH in H 2 0, belongs to the class of neutral soils (F u š t i ć and Đ u r e t i ć , 2000).
In order to estimate the storage and patterns of SOC in alpine grasslands, we sampled 28 soil profiles on the Lake Plateau of Mt. Durmitor.
At each sampling site, soil pits were excavated to collect the samples for analyses of physical and chemical properties. For each pit, the soil samples were collected at the depths of 0-10, 10-20 and 20-40 cm. Bulk density samples were obtained for each layer using a standard container with 100 cm 3 in volume (55.50 mm in diameter and 41.40 mm in height) and weighed to the nearest 0.1 g. Soil moisture was measured gravimetrically after 24 h of desiccation at 105°C. Bulk density was calculated as the ratio of the ovendry soil mass to the container volume. Soil samples for C analysis were air-dried, sieved (2 mm mesh), handpicked to remove fine roots, and then ground in a ball mill. SOC was measured using the Turin method (for mineral layers). The soil granulometric fractions were separated using the combined method of sieving using 0.2 mm mesh sieves and by the pyrophosphate pipette B-method, after the removal of organic matter and calcium carbonates. Additionally, all plants in three plots (0.50×0.50 m) in each site were harvested to measure the aboveground biomass (AGB). The biomass samples were oven-dried at 65°C to a constant weight, and weighed to the nearest 0.1 g.
SOC density estimation
We calculated SOC density for each soil profile using the Eon (1) ), and volume percentage of the fraction >2 mm at layer i, respectively.
The SOCD provides a value for the sampling site. The guidance follows the general requirements of the International Standard ISO/FDIS 10381-1:2002(E). It is particularly
relevant to ISO 10381-4 devoted to "Sampling to support legal or regulatory action" that covers the requirements to establish baseline conditions prior to an activity, which might affect the composition or the quality of soils. Sampling strategies included in the protocol are consistent with the IPCC LULUCF's good practical guidance (IPCC, 2003, p.1.6 ).
Floristic survey
The 
Statistical analysis
The ordinary least squares (OLS) regression analyses were conducted to evaluate the relationships between SOC density, as a dependent variable, and soil moisture and soil texture, and MAT (mean annual temperature), as independent variables. A general linear model (GLM) was used to assess integrative effects of soil moisture, soil texture and MAT on the SOC spatial distribution.
The cartographic data were processed using the ArcGIS program, primarily the extensions Spatial Analyst and Geostatistical Analyst, and the geostatistical analysis of samples was performed by the Inverse distance weighting (IDW) interpolation module.
RESULTS
The grasslands contained varying numbers of plant species with different morphological, biological, and production characteristics. The floristic mixture of the study grasslands consisted of the species of the families Gramineae, Leguminosae, Compositae, Rosaceae, Caryophyllaceae, Cyperaceae, Juncaceae etc.
The percentage of individual grassland components was: 29.2% grasses, 15.4% legumes and 55.4% herbaceous plants. The aboveground biomass (AGB) varied markedly across 28 sampling sites. The AGB for alpine meadows ranged from 76.20 to 173.68 g·m -2 , with an average of 114.08 g·m -2 C content in dry mass which ranged from 47.2 to 50.4%.
SOC density in alpine grasslands exhibited large variations, ranging from 2.14 to 8.64 kg·m -2 for 10 cm depths, from 2.24 to 14.63 kg·m -2 for 20 cm, and from 3.24 to 28.95 kg·m -2 for 40 cm, respectively. Mean SOC density of all sites in alpine meadow for the three soil depths (10, 20, and 40 cm) were 5.14 kg·m -2 , 9.16 kg·m -2 and 15.27 kg·m -2 , respectively.
According to SOC density for the top 40 cm in alpine grasslands of 15.27 kg·m -2 , the total SOC storage in 40 cm grassland soils was estimated at 560 414.86 t C, or 152.66 t·ha -1 . The average SOC density in the upper 20 cm of 9.16 kg·m -2 , accounted for 336 300.31 t C, or 60.01% of total SOC in the 40 cm top soil. Fig. 2 presents the relationship between SOC density (SOCD) in the top 40 cm of soil and aboveground biomass (AGB). SOCD increased with an increase in aboveground biomass and is characterized by a linear function. Fig. 3 presents the spatial distribution of soil organic carbon (SOC) density for different soil depths (0-10, 0-20, and 0-40 cm), (a-c), respectively.
The soil organic carbon density also increased with an increase in soil moisture at all soil depths and then leveled off. The relationship between SOC density and soil moisture for all depths was well characterized by a linear function (Fig. 4 a-c) . In addition, SOC density was positively correlated with both clay and silt contents (Fig. 5 , a-c for clay content and d-f for silt content), at different soil depths.
Although MAT on the Lake Plateau varied between 4 and 6°C, the analysis of regression and correlation of MAT effect on SOCD was performed for the 0-10 and 0-40 cm soil depths.
For the 0-10 cm soil depth, the output shows the results of fitting a linear model to describe the relationship between SOCD and MAT. The equation (2) According to our data, for 0-40 cm profiles, sandy loam textural class, and mixtures of different grass species, had an average AGB of 114.08 g·m -2 , in the soil profile at 0-20 cm, with a mean SOCD of 9.16 kg·m -2 , and at 0-40 cm, mean SOCD was 15.27 kg·m -2 . The SOC content in the 0-10 cm layer is 33.7%, and in the 10-20 cm layer it amounts to 26.3% of the total content for 0-40 cm depth. Based on the regression and correlation analyses, it can be concluded with high reliability (significant parameter with AGB) that the increase in AGB by 1 g•m -2 causes an increase in SOCD by 0.105 kg•m -2 .
The depth at which the change in soil type occurs should be available to adjust the SOC content to the fixed depth of the topsoil and subsoil layers. For mineral soils with a more gradual change in SOC content with depth the subsoil SOC content in the 30-100 cm layer is approx. 27% of the topsoil SOC content under forest, 70% for arable land, 60% for grassland and 65% for all other areas. These values are only guides and have to be adjusted by the actual depth of the soil stratum (H i e d e r e r, 2009).
The soil C content in mountain grasslands of the Pyrenees ranges between 5.9-29.9 kg·m -2 , and the mean content of the surface horizon for sandy loam texture class is 16.0 kg·m -2 (G a r c i a -Pa u s a s et al. 2007). In Swiss agricultural soils, the mean SOC density in the 0-20 cm profile ranged between 40.6 ± 8.9 t·ha −1 (±95% confidence interval -CI) for arable land and 50.7±12.2 t·ha −1 for favourable permanent grasslands. In the 0-100 cm profile SOC ranged from 62.9±15.2 t·ha −1 for unfavourable grassland to 117.4±29.8 t·ha −1 for temporary grasslands (L e i f e l d et al. 2005) .
Distinct associations between the changes in SOC content with depth by land use were obscured by the prevalence of some land uses to occur on specific soil types. For forest soils a tendency for a more rapid decrease in SOC content from the topsoil to the subsoil was found, an effect which is mainly due to an organic upper layer. On average the subsoil SOC content under forest is approx. 25-30% of the topsoil SOC content. The general change in SOC content with depth under grassland is comparable to the one found for forest soils (H i e d e r e r, 2009).
The cheapest, most efficient and most beneficial forms of organic carbon for improving microbial activity and soil structure result from the tandem process of photosynthesis followed by the exudation of carbon compounds from the actively growing roots of plants in the Gramineae family. Soil carbon additions are governed by the volume of fibrous roots per unit of soil and their rate of growth. The greater the number of active green leaves and active plant roots, the more carbon is captured from the air, and thus translocated through the plant and exuded into the soil (J o n e s , 2006).
Relationship between SOC density and temperature
Temperature is an important variable affecting SOC density ( Our data indicate that SOC density in the alpine grasslands increases significantly with temperature, in accordance with a linear function of MAT. The correlation coefficients equal to 0.51 (0-10 cm; r 2 = 0.2569; p < 0.01) and 0.63 (0-40 cm; r 2 = 0.3989; p < 0.01), indicate a moderately strong relationship between the variables. In the alpine grasslands on the plateau, temperature is a limiting factor for vegetation growth and thus higher temperatures may stimulate greater productivity with respect to vegetation. Low temperatures limit the biological activity and humus mineralization. Although this finding conflicts with the general global trend (S c h i m e l et al., 1994), it is consistent with the studies from the high-latitude regions (C a l l e s e n et al ., 2003; P i a o et al., 2006) . Also, it can be presumed that the analysis of the effects of mean temperatures over the growing season would show more realistic results.
Relationship between SOC density and soil moisture
Soil properties in mountain areas are highly related to their parent material, profile depth and stone content, which are limiting factors for C storage (L e . Precipitation clearly has a direct role regionally and globally in the amount of SOC stored (B u r k e et al. 1989) .
In our study, significant linear relationships (r 2 = 0.62, p < 0.001, for the 0-10 cm soil depth; r 2 = 0.447, p < 0.001, for the 0-20 cm soil depth, and r 2 = 0.678, p < 0.001, for the 0-40 cm soil depth; Fig. 9 a, b, c) were found between SOC density and soil moisture.
According to the relationship (Fig. 9 a-c) , it can be claimed with high reliability (significant parameter with soil moisture) that the increase in SM by 1% causes the increase in SOCD by 2.896 kg•m -2 ). The change in SOC density under moist soil conditions is expected because other growth-limiting factors may constrain SOC density in the alpine grasslands, such as temperature and nitrogen availability (K a t o et al. 2006; Z h a o et al. 2006) . A similar relationship between SOC density and soil moisture has also been observed in temperate regions, such as in the Great Plains of the United States (B u r k e et al. 1989) and Australia (Wy n n et al. 2006) , implying that water availability may be a powerful variable for predicting SOC density across broad biogeographic regions.
Effect of soil texture on SOC density
Soil texture significantly influences SOC storage at the local scale (B r , 2006) . Secondly, the increasing clay and silt contents stimulate plant production via increasing water-holding capacity and thus increase C inputs to the soil (S c h i m e l and P a r t o n , 1986; B u r k e et al., 1989; S c h i m e l et al., 1994) . For permanent grasslands at altitudes >1,000 m a.s.l., the SOC-clay relationship was not significant, thus indicating that for soils with higher SOC concentrations additional stabilisation mechanisms contributed to soil C storage (L e . Such C pools are strongly associated with clay particles and noncrystalline minerals that stabilize and protect the organic matter (To r n et al., 1997) .
On the basis of the multiple regression analysis for the 0-40 cm soil layer (Eqn. 4), it can be seen that the effect of the study variables explained 51% of variations in SOCD. The correlation coefficient has a high value (r = 0.71) and it is statistically significant (F (4,23) = 6.0588; p < 0.00176). On the basis of the study model, it can be expected that if the variables were increased by 1%, SOCD would increase by 6.252 kg·m -2 .
CONCLUSIONS
The aim of this paper was to quantify SOC stocks (SOCS) in the surface layers of alpine grassland soils in the Lake Plateau of Mt. Durmitor and to determine to what extent the soil texture and soil moisture variables are sensitive to the variability of SOCS in soil. Field work was conducted in two campaigns during the summers (June and July) of 2005 and 2006, and during the summer (July) of 2009, to investigate the soils and vegetation.
The total SOC storage in 40 cm grassland soils was estimated at 152.66 t·ha -1 , and the average SOC density in the upper 20 cm was 9.16 kg·m -2 (60.01% of total SOC in the 40 cm top soil). Based on the regression and correlation analyses, it was concluded that the increase in AGB by 1 g•m -2 causes an increase in SOCD by 0.105 kg•m -2 . Soil texture significantly influences SOC storage, it can be concluded that the increase in silt content by 1% causes the increase in SOCD by up to 0.645 kg·m -2 . SOC density was positively correlated with both clay and silt contents at different soil depths. The soil organic carbon density increased with an increase in soil moisture, and the increase in soil moisture by 1% caused the increase in SOCD by 2.896 kg•m -2 . The SOC density in the alpine grasslands increases significantly with temperature, in accordance with a linear function of mean annual temperature. Office for Official Publications of the European Communities, Luxembourg, EUR 21576 EN, (19) Wa n g Z.M., Z h a n g B., S o n g K.S., L i u D.W., L i F., G u o Z.X., Z h a n g S.M. (2008) Czech Republic, [420] [421] [422] [423] [424] [425] [426] [427] 
